We demonstrate the growth of phosphorus doped Zn 1-x Mg x O nanowire (NW) using pulsed laser deposition. For the first time, p-type Zn 0.92 Mg 0.08 O:P NWs are likely obtained in reference to atomic force microscopy based piezoelectric output measurements, X-ray photoelectron spectroscopy, and the transport property between the NWs and a n-type ZnO film. A shallow acceptor level of ∼140 meV is identified by temperaturedependent photoluminescence. A piezoelectric output of 60 mV on average has been received using the doped NWs. Besides a control on NW aspect ratio and density, band gap engineering has also been achieved by alloying with Mg to a content of x ) 0.23. The alloyed NWs with controllable conductivity type have potential application in high-efficiency all-ZnO NWs based LED, high-output ZnO nanogenerator, and other optical or electrical devices.
Semiconductor nanowires (NWs) have a broad range of applications in electronics, 1 optoelectronics, 2 biosciences, 3 and energy sciences. 4 Nanowire light emitting diodes (LEDs), for example, have advantages over traditional light sources including lower energy consumption, longer lifetime, and improved robustness. Zinc oxide (ZnO) is a multifunctional material that not only has the great potential to fabricate highefficiency violet-blue LEDs but also is a promising material to harvest solar and mechanical energy. Compared to GaN, a classical and commercialized blue-UV emitter, ZnO has several advantages such as twice the large exciton energy, availability of large-area single crystalline substrates, amenability to low-temperature growth, and high radiation resistance. Nevertheless, despite many efforts searching for a better acceptor dopant for ZnO, [5] [6] [7] [8] [9] [10] p-type doping in ZnO is still difficult as it suffers from low stability, low acceptor solubility, severe donor compensation, and so forth. 11 Recently, there have been a few reports concerning p-type ZnO NWs 12, 13 by the vapor phase deposition method, which have received particular attention since these NWs are single crystal and have the potential to improve the efficiency of all-ZnO-based LEDs.
p-Type NWs also show superior performance as a nanogenerator, 14 which utilizes a unique coupling of the semiconductive and piezoelectric properties of ZnO. 4, [15] [16] [17] Previous experimental and theoretical studies revealed that p-type NWs exhibit positive voltages outputs and n-type NWs exhibit negative voltages outputs; 14 and the p-type NWs give higher piezoelectric output. A nondestructive technique has been demonstrated to discriminate the conductivity type of the ZnO NWs using the signal from a nanogenerator. 14, 18 As for nanopiezotronics, 19 conductivity type controlled nand p-NWs allow us to construct a logic circuit based on the piezo-potential gated n-channel and p-channel field effect transistors (FETs) in analogy to the complementary metal oxide FETs that are widely used in today's electronics.
In addition, band gap engineering in ZnO NWs is also highly desirable since heterostructure 20 O NWs can produce a piezoelectric output voltage up to 60 mV, which is 6 times greater than that of the vapor-liquid-solid (VLS) grown n-type ZnO NWs. 4 The morphology, dimension, band gap, and/or conductivity type have been controlled through proper choice of experimental conditions. The newly fabricated p-type NWs may provide a new opportunity for fabricating NW-based LEDs, optoelectronic, electronic, and piezotronic devices, as well as high-output nanogenerators.
PLD is a popular technique for thin film deposition ever since its demonstration as growing high-quality superconductive thin films.
22 PLD can be used for deposition of a wide range of materials, such as ceramic oxides, nitride films, metallic films and superlattices. Recently, there is an interest in growing semiconductor NWs using this technique with the use of catalysts in some cases.
23-25 For our NW growth using PLD, a KrF excimer laser (Coherent Compex 205, wavelength of 248 nm) was used as the ablation source to focus on a ceramic target, and the incident fluence was approximately 3 J/cm , where the center is in line with the plume axis. As a proof-of-principle that the growth method is applicable to any doped or alloyed ZnO targets, a lithiumdoped Zn 0.95 Mg 0.05 O (0.5 at.% doping concentration of Li) ceramic was used as the ablation target for investigating the effect of growth parameters. The key point for growing vertically aligned NWs is in situ fabrication of a textured ZnO buffer layer on a silicon substrate before switching to the condition for the growth of NWs.
The topology of the NW array can be controlled by four parameters, substrate temperature (T), growth pressure, the flow ratio of argon and oxygen, and laser repetition frequency. At a laser repetition frequency of 5 Hz and a flowing mixture of Ar and O 2 at a flow ratio of 6:1 with a total pressure of 5.0 Torr, the SEM images of the NWs produced at a series of Ts are shown in Figure 1a -d. At a T of 700°C , a film with a rough surface was obtained ( Figure 1a ). When T was increased to 750°C, NWs were formed with a typical length of ∼800 nm (Figure 1b) . Longer NWs of lengths ∼2-3 µm were grown at 800°C (Figure 1c ). Further increasing T to 850°C merged a few NWs together ( Figure  1d ). On the other hand, by fixing T at 800°C, the dependence of the aspect ratio on the growth pressure was revealed. As the growth pressure increased to 6.0 Torr, slimmer NWs ( Figure 1e) were formed, while larger diameter NWs were obtained at 4.0 Torr (Figure 1f ). The aspect ratio can thus be controlled by adjusting the T and growth pressure.
Maintaining T at 800°C, morphology tailoring was further demonstrated by first growing NWs at 5.0 Torr for 20 min then at 4.5 Torr for 20 min. The NWs have larger diameters at the top than at the bottom (Figure 2a ), exhibiting a nailshape morphology by adjusting experimental conditions. This morphology tailoring was reproducible and allows us to design complex heterostructures and p-n junctions (see below). For incorporating group-I or group-V elements as shallow acceptors, an oxygen rich condition is necessary. Figure 2d , revealing that the NWs are highly perpendicular to the substrate. The corresponding θ-2θ XRD spectra are shown in Figure 2e , in which only ZnO (0002), (0004), and silicon (400) peaks can be found. The inset in Figure 2e displays the rocking curve of ZnO (0002) peak with the full width at half-maximum (fwhm) of 136′′, demonstrating that NWs grew along c-axis direction with a perfectly vertical alignment. Although the density and aspect ratio of the NWs varies for different doped or alloyed targets, perfectly aligned NW arrays can still be obtained. Figure 2f presents SEM image of NWs fabricated from a target containing 1.5 at.% Na and Figure 2g displays the top view of the NWs. As seen from the inset of Figure 2g , the NWs grow from the tip of hexagonal bases, which may indicate a diffusion mechanism of formation of the NWs. 27 Up to now, we have confirmed that this method for growing NWs is highly reproducible and applicable to any ZnO targets including doped or alloyed ones. Furthermore, it is demonstrated that the NW array can be produced at a larger scale and on transparent substrates, such as polycrystalline quartz (see more in Supporting Information Figures S1 and S2) .
Substituting Mg at the Zn sites can increase the band gap to approximately 4.0 eV while still maintaining the wurtzite structure. 28 Because of the nonequilibrium process caused by laser heating under a short-pulse on the order of nanoseconds, the ability to replicate the composition of the source in the deposited products is perhaps the greatest benefit of PLD. 22 Epitaxial wurtzite Zn 1-x Mg x O thin films have been realized using PLD with x as large as 0.35 by Ohtomo et al. 28 Here, uniform Zn 1-x Mg x O NWs with a series of x values can be obtained simply through ablating a Zn 0.9 Mg 0.1 O target under different background growth pressure at Ar/O 2 flow ratio of 6. We found that the doping concentration is highly related to the growth pressure and this fact adds more flexibility to control the doping level. Maintaining T at 800°C, the densities of NWs are controllable through simply adjusting the laser repetition frequency. Keeping the growth pressure constant at 4.5 Torr, the NWs deposited under laser repetition frequency of 1, 3, 5 Hz are shown in Figure 3a -c, respectively. The NWs density continuously increases as the laser repetition frequency is raised. Energy dispersive X-ray spectroscopy (EDX) reveals that the Mg content is ∼0, 2, 8, 19, and 23 for the Zn 1-xMg x O NWs grown at the pressure of 5.0, 4.5, 4.0, 3.5, 3.0 Torr, respectively (Supporting Information Figure S3 ). Typically, Figure 3d shows the Zn 1-x Mg x O NWs grown at 4.0 Torr, the EDX spectrum of which is displayed in Figure 3e with a readily detected Mg peak.
Photoluminescence (PL) measurements were performed using a 325 nm He-Cd laser as the excitation source on a FLS920 (Edinburgh Instruments) fluorescence spectrometer. ); all of the PL peaks locate at ∼351 nm with only a small deviation, confirming that the Mg content is fairly uniform across the NWs array.
p-Type Zn 1-x Mg x O NWs are highly desirable because they have the potential to offer a fundamental unit that is controlled in band gap and conductivity type. Furthermore, reducing the background electron concentration via Mg alloying facilitates transformation of ZnO NWs into p-type conductivity. [30] [31] [32] A target containing 4 at.% phosphorus and 10 at.% Mg was used to carry out phosphorus-doping experiments at 800°C under a series of growth pressures and an oxygen rich condition at Ar/O 2 flow ratio of 6. SEM image of NWs grown at 4.0 Torr are shown in Figure 4a , doping phosphorus into the ZnO lattice makes the NWs surface rough as a result of induced strain 12 (more evidence about the morphology change by phosphorus doping can be found in Supporting Information Figure S4 ). For the NWs grown at 4.0 Torr, high-resolution X-ray photoelectron spectroscopy (XPS) data of Mg 1s core-level identified that Mg has been alloyed into the NWs and quantitative analysis reveals the Mg content is ∼8 at.%. Systematic XPS investigations were performed to uncover the trend of phosphorus incorporation in the NWs. Since the oxygen concentration is severely influenced by oxygen absorptions, herein, the phosphorus concentration refers to the percentage of the atomic ratio of P to Zn in the NWs. Figure 4b reveals that P 2p core-level peak intensity in the high-resolution XPS spectrum decreases as the growth pressure increases. It is worth noting that the Zn 2P core level signal intensity increases slightly for the sample grown at higher growth pressure (Supporting Information Figure S5 ). Thus, the phosphorus doping concentration decreases as the growth pressure increases, which is reasonable by analogy with Mg alloying. The binding energy of the P 2p core-level peak locates at ∼134.4 eV, which is believed to originate from P-O bond in the NWs analogous to the film counterpart. 33 The piezoelectric responses tests were adopted to discriminate the conductivity type of the phosphorus-doped ZnO NWs. 14, 18 The piezoelectric responses of the NWs were measured by using an atomic force microscope (AFM) (Molecular Force Probe MFP-ED from Asylum Research) with a Pt-coated Si tip. In the AFM contact mode, a constant normal force of 80 nN was maintained between the tip and NWs. A voltage drop across an external load of 500 MΩ connected to the AFM tip was continuously monitored when the tip scanned across the sample. Under repeated measurements, the NWs grown at 4.0 Torr output positive voltages (Figure 4c) , indicating a p-type conductivity. For the NWs grown at 3.3 or 4.5 Torr, the piezoelectric outputs are negative (a typical result is displayed in Figure 4d ), corresponding to n-type conductivity. The negative output voltage can be boosted up to ∼60 meV (Figure 4d ), which shows that the electron concentration is reduced favorable for high potential output. 34 The P Zn -2V Zn complex, a shallow acceptor with low-formation energy under oxygen rich conditions, is believed to be the cause of the p-type conductivity. 35 It is well known that acceptor doping increases the Madelung energy of the lattice, so an appropriate doping level is critical to optimize the Madelung energy and obtain p-type conductivity. 9 The doping level for the NWs grown at 4.5 Torr is low and the ionized holes can not completely compensate the electrons, resulting in n-type conductivity. On the other hand, the abundant phosphorus in the NWs grown at 3.3 Torr tends to form P Zn antisite donors or P O deep acceptors that contribute little to p-type conductivity, therefore, the P Zn antisite donors suppress p-type conductivity, possibly leading to n-type conductivity. The severe competition between the deep acceptor/donor and shallow acceptor is common for acceptor doped ZnO films, 6, 8, 10, [36] [37] [38] [39] revealing that p-type conductivity in Zn 1-x Mg x O NWs is possible only within a proper range of doping concentration. Experimentally we found that target materials containing phosphorus with low content (2 at.%) or high content (6 at.%) and Mg content of 10 at.% produced n-type NWs at 4.0 Tor, supporting that appropriate phosphorus doping concentration is vital to p-type conductivity.
The PL spectrum of p-type Zn 0.92 Mg 0.08 O NWs at 16K contains a strong band-edge emission and a weak redemission around 680 nm (Figure 5a ). Two bands locating around 357 nm (3.473 eV) and 364 nm (3.407 eV) were found in the band-edge emission displayed in the inset of and eA 0 at 80 K, the binding energy of the phosphorusrelated acceptor is deduced to be ∼140 meV. This shallow acceptor is ascribed to P Zn -2V Zn configuration. 35 On the other hand, the deep defect emission around 680 nm should be induced by P O configuration as it is absent in the undoped Zn 1-x Mg x O and ZnO NWs. 12 A narrow growth window of p-type conductivity is a result of the competition between the shallow acceptor and deep acceptor, which is in consistence with the piezoelectric output and XPS measurements. Moreover, the dominating DAP emission in the bandedge PL is in line with the p-type conductivity in Zn 0.92 Mg 0.08 O:P NWs.
Correlating the AFM outputs with the electrical properties tuned by doping can be further explored by the Fermi level in the produced NWs through valence band (VB) XPS. Figure 6a shows the VB XPS spectra of Zn 0.92 Mg 0.08 O:P and n-type ZnO NWs, which are all prepared at 4.0 Torr and 800°C. For pure ZnO NWs, the peak around 10.6 eV and the broadband around 7.6 and 5.0 eV are known to have originated from Zn 3d, mixed Zn 4s-O 2p and O 2p states, respectively. 41 By extrapolating the leading edge of the O 2p-derived valence band to its intersection with background counts, the positions of the Fermi level with respect to the valence band maximum (VBM) was determined, as shown in the inset of Figure 6a . The Fermi level is located at 3.1 eV above the VBM for the pure ZnO NWs while it is only 0.9 eV for the Zn 0.92 Mg 0.08 O:P NWs. This is consistent with the conductivity type measurements by AFM. Filling in the gap among the NWs with poly(methyl methacrylate) (PMMA) and exposing the tips of the NWs by partly etching the PMMA through an O 2 plasma, a junction between the NWs and the underlying n-type pure ZnO layer is formed. The electrodes for the p-type NWs are formed by depositing 20 nm Ni and then 100 nm Au through e-beam evaporation while indium dots are annealed to form contacts with the n-type layer. The linear I-V dependences between the electrodes and p/n layers confirm ohmic contacts (inset of Figure 6b ). The rectifying shape I-V characteristic between the ZnO film and Zn 0.92 Mg 0.08 O:P NWs (Figure 6b ) reveals that a p-n junction is formed between the n-type ZnO film and the Zn 0.92 Mg 0.08 O:P NWs and strongly demonstrates the p-type conductivity of the Zn 0.92 Mg 0.08 O:P NWs array.
In summary, using PLD we have presented a systematic study on how to control the morphology, density, and dimension of alloyed ZnO NW arrays. Through adjusting the phosphorus doping concentration, the p-type conductivity is likely to present in alloyed Zn 0.92 Mg 0.08 O NWs. Our study proves that a specifically controlled doping concentration of phosphorus is vital to achieve p-type conductivity. The band gap of the NWs can be increased up to 3.63 eV (x ) 0.23) as a result of substituting Zn by Mg. This study shows the potential of simultaneously controlling the doping concentration and tuning band gap of ZnO NWs for the purposes of high-efficiency all-ZnO based LED, high-output nanogenerators and other optical or electrical devices.
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